Objective : Although middle cerebral artery (MCA) aneurysms are less amenable to coil embolization, an increasing number of studies support favorable endovascular treatment for them. The purpose of this study is to compare the outcomes of two different treatments (surgery versus coiling) and evaluate the benefits of surgical clipping for MCA aneurysms. Methods : Here we retrospectively analyzed the outcomes of 178 ruptured and unruptured MCA aneurysms treated in patients between September 2008 and April 2012. Parameters assessing treatment outcomes include degree of aneurysm occlusion, presence of regrowth, clinical status, and complications. Results : Among 178 MCA aneurysms, 153 were treated surgically. After a mean follow-up of 12 months, the surgery group showed a clinically significant complete occlusion rate (98%) compared with the coiling group (56%) (p<0.001). Follow-up radiologic evaluation showed a higher regrowth rate (four of 16 cases) in the coiling group than in the surgery group (one of 49 cases) (p=0.003). There was no statistically significant difference in favorable clinical outcome rate between the two groups. The procedure-related permanent morbidity and mortality rates were 2% (three of 153 cases) in the surgery group and 0% (0 of 25 cases) in the coiling group. Conclusion : Compared to endovascular treatment, surgical neck clipping for both ruptured and unruptured MCA aneurysms results in a significantly higher complete obliteration rate and less regrowth. Therefore, even in this endovascular era, we still recommend surgical clipping as the primary treatment option for MCA aneurysms rather than coil embolization.
al. 15) expressed this trend as the "endovascular era" in his report. However, in some cases, microsurgical clipping is more beneficial than endovascular techniques. MCA aneurysms are traditionally considered more feasible for microsurgical access because of their anatomical location and are less treatable by endovascular techniques because of their specific geometrical characteristics such as a wide neck and branches that are incorporated into the aneurysm neck portion 18) . But with recent improvements in endovascular instrumentations and techniques such as balloon or stent-assisted coiling, even MCA aneurysms are treated with endovascular techniques as the primary treatment option in several institutes 7, 11, 16, 20) . The purpose of this study was to compare our treatment results of MCA aneurysms by surgery or coiling and evaluate the bene-
INTRODUCTION
In 2002, the International Subarachnoid Aneurysm Trial (ISAT) results showed that the outcomes (absolute risk reduction in dependency or death) of endovascular coiling were significantly better than those of microsurgical treatment after 1 year of follow-up in cases of ruptured aneurysm 13) . Thereafter, the preferred treatment for almost all aneurysms changed from microsurgical clipping to endovascular coiling. Although the ISAT results were restricted to ruptured intracranial aneurysms and middle cerebral artery (MCA) aneurysms were underrepresented, some institutions currently use coil embolization as the primary treatment option regardless of aneurysm location and the presence or absence of intracranial hemorrhage. Nussbaum et fits of surgical treatment as the primary treatment option for MCA aneurysms.
MATERIALS AND METHODS
Between September 2008 and April 2012, we treated 178 MCA aneurysms in 170 patients by surgical clipping and endovascular coiling. We reviewed patient information and imaging findings from our prospectively collected aneurysm database that includes demographic, anatomical, outcome, and clinical data. Every surgery was performed by a single neurosurgeon, while all endovascular treatments (EVT) were performed by one neurosurgeon or one interventional neuroradiologist.
Decision of treatment strategy
The treatment strategy (observation, clip, or coil) was decided by a multidisciplinary neurovascular team composed of expert neurovascular neurosurgeons and a neuroradiologist after discussion. If we expected there to be no definite benefits between the two treatment options (clip or coil) in terms of patient outcome and perioperative complications, we primarily chose microsurgical clipping in cases of MCA aneurysms. EVT were considered in some selected cases that lacked complexity such as a relatively small neck (≤4 mm), large dome-to-neck ratio (>1.5), no incorporated branches in angiographic findings 18, 22) , and/or clinically ruptured aneurysms with a high Hunt-Hess grade and/or use of medications such as warfarin.
All unruptured aneurysms preoperatively underwent cerebral digital subtracted angiography (DSA) including 3-dimensional reconstruction. After analyzing the results of cerebral angiography including aneurysm location, shape, size, presence of vessel incorporation, and geometric configuration, we chose the treatment strategies. In principle, smooth aneurysms (no tubular shape, bleb, or daughter sac) <5 mm were treated by observation and follow-up. However, if there was any change in aneurysm size and morphology on follow-up computed tomography angiography (CTA) or magnetic resonance angiography (MRA), we recommended that patients undergo treatment. We treated even small aneurysms when there was a family history, high aspect ratio, and previous aneurysm rupture.
Treatment procedures and postoperative management
The surgical treatments of all MCA aneurysms were performed by a standard pterional approach under general endotracheal anesthesia. Surgical neck clipping was done in routine microsurgical procedures. We have intraoperatively used a standard somatosensory and motor evoked potential monitoring system since 2010. After aneurysm neck clipping, intraoperative Doppler sonography was used routinely to confirm the parent and branching vessel patency and rule out blood filling of the aneurysmal sac; if needed, we also used indocyanine videoangiography. In EVT cases, we used a single or multiple microcatheter technique without adjunctive techniques such as stent or balloon-assisted coil embolization to all MCA aneurysms. We confirmed aneurysmal sac obliteration on immediate postprocedural cerebral angiography.
After the surgical clipping, all patients were routinely cared for in the intensive care unit (ICU) and checked postoperatively with non-enhanced computed tomography within 24 hours to determine the presence of procedure-related complications. The patients treated by coil embolization were also transferred to the ICU postoperatively and checked for complications such as embolic infarction by magnetic resonance diffusion within 24 hours. If there was no complication in unruptured aneurysm cases, the patients were transferred to general ward on postoperative day 1 and discharged within 5-14 hospital days. A follow-up imaging study was performed in an outpatient clinic 4-12 months later. We identified residual sac or aneurysm regrowth using CTA in cases of clipping and MRA in cases of coiling. Follow-up cerebral angiography was only performed with the evidence of aneurysm regrowth or any change in the size or morphology on CTA or MRA.
Clinical outcome was assessed based on Glasgow Outcome Scale (GOS) at discharge and 6 months later in an outpatient clinic. We divided the outcome into favorable outcome (GOS 4-5) and unfavorable outcome (GOS 1-3) 9) . We registered all the procedure-related and perioperative events and compared several parameters such as patient demographics and aneurysm geometry between cases of clipping and coiling.
Statistical analysis
SPSS version 18 was used for the statistical analysis (SPSS, Inc., an IBM Company, Chicago, IL, USA). We used Student' s t-test or Mann-Whitney U test for continuous variables and χ 2 or Fisher's exact test for categorical variables for univariate analysis. Multivariate logistic regression analysis was performed to predict the potential risk factors. Null hypotheses of no difference were rejected if p values were <0.05.
RESULTS

Baseline patient and aneurysm characteristics
Of the total 178 MCA aneurysms, 140 were unruptured and 38 were ruptured. We treated 123 unruptured aneurysms with surgical clipping and 17 cases with endovascular coil embolization. Of the ruptured MCA aneurysms, 30 were treated surgically and eight were treated endovascularly. Baseline patient and aneurysm characteristics are summarized in Table 1 . The mean ages of the surgery and EVT group were 54.96±9.82 and 61.56±9.32, respectively, showing that the latter was statistically higher. The most common location of MCA aneurysm was the MCA bifurcation in both groups. Three (2%) aneurysms in the surgery group and one (4%) aneurysm in the EVT group were located distal to the MCA bifurcation (M2-3). The mean size was larger and the mean neck size was smaller in the EVT group, but the differences were not significant. However, the dome-to-neck ratio, aspect ratio, and presence of vessel incorporation differed significantly between the surgery and EVT groups.
Aneurysm neck remnants and radiological outcome
The univariate and multivariate logistic regression analysis results of the association with aneurysm neck remnants are shown in Table 2 . Treatment modality (surgery or EVT), rupture status, age, aneurysm size, aneurysm location, dome-to-neck ratio, and aspect ratio were significantly different between the complete obliteration group and the neck remnant group on univariate analysis. Multivariate logistic regression analysis was performed for variables that were significantly associated with neck remnants (p<0.05) and had marginal p values (p<0.01) on univariate analysis. The multivariate analysis results showed that the following factors were significantly associated with aneurysm neck remnants (p<0.05) : treatment modality [odds ratio (OR), 92.699; 95% confidence interval (CI), 5.805-1480.177], age (OR, 1.171; 95% CI, 1.008-1.360), and mean size (OR, 1.753; 95% CI, 1.219-2.521).
The comparisons of radiological outcomes between the surgery and EVT groups are summarized in Table 3 . Of the total 153 aneurysms in the surgery group, three had neck remnants. Of the three neck remnant cases, two developed in the unruptured aneurysm group. The causes of neck remnants were fusiform aneurysm shape in one case and compromise of inferior division arising from the aneurysm neck portion in the other cases. After more than 12 months of follow-up, neither was seen as growing on CTA or developed other complications including re-bleeding. One remnant neck case of ruptured aneurysms was a large aneurysm with a 22-mm maximal diameter. The initial neurological status of this patient was coma, and she died of severe brain swelling during the postoperative course. Consequently, the complete aneurysm sac obliteration rate in the surgery group was 98% (150 of 153 aneurysms), whereas the EVT group showed a 56% (14 of 25 aneurysms) complete aneurysm sac obliteration rate, a statistically significant difference between groups (p<0.001) ( Table 3 ). There were six neck remnants in the unruptured aneurysm group and five in the ruptured group. We analyzed the potential risk factors including rupture status, age, aneurysm location, aneurysm size, neck diameter, aspect ratio, dome-to-neck ratio, presence of vessel incorporation, and packing density for incomplete obliteration in EVT group. Univariate analysis showed that age (p=0.018), aspect ratio (p=0.009), and presence of vessel incorporation (p=0.042) differed significantly between the complete obliteration group and neck remnant group. However, multivariate logistic regression analysis revealed no statistically significant factors related to incomplete obliteration.
We obtained follow-up CTA and/or DSA in 49 of 153 aneu- EVT : endovascular treatment, f/u : follow-up, MCA : middle cerebral artery rysms treated with surgery and MRA and/or DSA in 16 of 25 aneurysms treated with EVT within 12 months after treatment. Of the 49 aneurysms treated with surgery, one (2%) aneurysm located in the distal MCA (M3-4) showed regrowth and was retreated by surgical resection and superficial temporal artery-MCA bypass surgery. We obtained 23 additional follow-up images more than 12 months later and noted no aneurysm regrowth. In the EVT group, the aneurysm regrowth rate was 25% (four of 16 aneurysms), showing a significant difference between the surgery and EVT groups (p=0.003). Two cases occurred in the unruptured EVT group, while the others occurred in the ruptured group. There were two cases of aneurysm regrowth with incomplete obliteration and two cases of aneurysm regrowth with complete obliteration. Regarding size and shape, no additional treatment was performed in any case and no complications including aneurysm rupture developed. We obtained eight additional follow-up images >12 months later and detected no aneurysm regrowth.
Procedure-related and perioperative complications
Perioperative and periprocedural complications are described in Table 4 . In the surgery group, 17 (11.1%) complications were recorded. There were 10 (8.1%) cases in the unruptured group and seven (23.3%) in the ruptured group. Two cases in the unruptured surgery group required additional surgery for symptomatic hemorrhage. There was one case of postoperative epidural hematoma that presented as hemiparesis; after a second operation, the patient fully recovered without sequelae. Another Comparison between surgery and EVT for *initial degree of aneurysm obliteration and † aneurysm regrowth within 12 months after treatment. f/u : follow-up, EVT : endovascular treatment patient died of postoperative intracranial hemorrhage and progressive brain swelling, representing the only procedure-related mortality case in the surgery group. Other complications in the unruptured surgery group consisted of asymptomatic brain contusions and/or remote hemorrhages. In the ruptured surgery group, two patients underwent additional surgery for postoperative hemorrhage and suffered permanent morbidity as a result. There was an overall 2% (three patients) permanent morbidity and mortality rate related to surgical treatment.
In the EVT group, eight (32%) complications developed (25% in the ruptured group and 35% in the unruptured group), including one asymptomatic intraprocedural aneurysm rupture and five asymptomatic embolic infarction, as observed on magnetic resonance diffusion imaging. There were no cases of procedurerelated morbidity and mortality in the EVT group. Symptomatic vasospasm was observed in four of 38 patients who presented with subarachnoid hemorrhage regardless of treatment method.
Clinical outcome
Clinical outcomes are shown in Table 5 . At the last follow-up, a favorable outcome after treatment for ruptured aneurysms was achieved in 25 of 29 patients treated surgically (86%) and in five of six patients treated endovascularly (83%). In the unruptured group, all patients except one in the surgery group had favorable outcomes regardless of treatment modality. There was no statistically significant difference between the two groups.
DISCUSSION
Johnston et al. 10) analyzed the association between incomplete aneurysm occlusion and aneurysm re-rupture after SAH and found that cumulative re-rupture risk is 1.1% for complete occlusion, 2.9% for 91-99% occlusion, 5.9% for 70-90% occlusion, and 17.6% for <70% occlusion. They noted that the overall re-rupture risk tended to be greater after coil embolization than after surgical clipping (3.4% vs. 1.3%, p=0.092). Consequently, the final goal of rupture and unruptured aneurysm treatment should be complete aneurysm sac obliteration. We treated 178 MCA aneurysms and achieved a 98% complete aneurysm obliteration rate in the surgery group. On the other hand, the complete aneurysm obliteration rate was 56% in the EVT group. Similar to our results, Güresir et al. 8) reported complete obliteration rates of 97.4% for surgery and 52.5% for EVT after analyzing 330 aneurysms. In addition, van Dijk et al. 21) reported a complete occlusion rate of 89% in 107 surgically treated aneurysms. The complete obliteration rate of MCA aneurysms treated endovascularly reportedly varied from 26.3% to 67% and outcomes were not better than surgical outcomes 2, 7, 11, 16, 20) . EVT has a higher rate of remnant necks than surgery due to the specific configurations of MCA aneurysms, which are characterized by a small dome-to-neck ratio, a relatively wide neck, and the possibility that one of the branches might be incorporated in the aneurysm' s neck.
Advanced techniques such as stent-and balloon-assisted coil 1, 5, 25) . However, this technique has several limitations and procedure-related complications. In MCA aneurysms, there are many small perforators that sometimes preclude stent application. The main drawback of this technique is an increased possibility of thromboembolic events during the periprocedural period 18, 23, 24) . In addition, because delayed severe in-stent stenosis, a rare but potentially devastating complication, can occur, patients must be closely observed and followed 6, 24) . Consequently, if stent-assisted coil embolization is performed, antiplatelet agents should be taken for several months to prevent thromboembolic events.
Aneurysm recanalization develops more frequently with endovascular coil embolization than with microsurgical treatment because of the high frequency of remnant neck and coil compaction and/or loosening 3, 13) . After complete aneurysm coiling, the recanalization rate was reportedly between 8% and 27.2% 4, 7, 16, 20, 22) . Choi et al. 4) announced that the overall recanalization rate of aneurysms regardless of location was 26.4% (24 of 91 aneurysms), whereas that of the MCA bifurcation, the most common site, was 75% (three of four aneurysms). The reported retreatment rates after coil embolization range from 4% to 10.5% 4, 7, 16, 20, 22) . The Cerebral Aneurysm Rerupture After Treatment study noted that the annual retreatment rate was 13.3% for coiling and 2.6% for clipping in the first year (p<0.0001) and that no surgically treated aneurysm required retreatment after the first year, while the retreatment rate for coil embolization was 4.5% in the second year and 1.1% annually after the third year (p<0.0001) 3) . In addition, recent reports of long-term ISAT results showed that the coil embolization outcomes are not superior to surgical treatment after 5-year follow-up because of higher re-bleeding and retreatment rates after coil embolization 10, 12, 19) . Procedure-related morbidity and mortality rates of surgical neck clipping for unruptured MCA aneurysms in our series were low as already reported elsewhere (0.6-5%) 14, 17) . The limitations of this study include that it was performed retrospectively at a single institution and that the number of patients in the EVT group may not be large enough to draw definite conclusions about the comparison of radiological and clinical outcomes between the surgery and EVT groups. Additionally, selection bias and a wide CI could exist because we decided treatment modalities based on our treatment strategy without randomization. Further prospective large-volume randomized data should be investigated to exclude any limitations.
CONCLUSION
Decisions of treatment strategies for intracranial aneurysms remain controversial but recent trends favor EVT over microsurgical clipping. However, in cases of MCA aneurysms, we can easily access the aneurysm surgically and obtain high complete obliteration rates and low recurrence and retreatment rates with reasonable morbidity and mortality rates. Although further investigations are needed, it is worth considering surgical neck clipping as the primary treatment option for MCA aneurysms.
